ABSTRACT: Beta cells are partially replaced in neonatal rodents after deletion with streptozotocin (STZ). Exposure of pregnant rats to a low protein (LP) diet impairs endocrine pancreas development in the offspring, leading to glucose intolerance in adulthood. Our objective was to determine whether protein restriction has a similar effect on the offspring in mice, and if this alters the capacity for beta cell regeneration after STZ. Pregnant Balb/c mice were fed a control (C) (20% protein) or an isocaloric LP (8% protein) diet during gestation. Pups were given 35 mg/kg STZ (or vehicle) from d 1 to 5 for each dietary treatment. Histologic analysis showed that C-fed offspring had largely replaced beta cell mass (BCM) after STZ by d 30, but this was not sustained over time. Female LP-fed offspring showed an initial increase in BCM by d 14 but developed glucose intolerance by d 130. In contrast, male LP offspring showed no changes in BCM or glucose tolerance. However, LP exposure limited the capacity for recovery of BCM in both genders after STZ treatment. (Pediatr Res 68: 16-22, 2010) P oor fetal growth and low birth weight are associated with increased risk of impaired glucose tolerance (1), type 2 diabetes (2), the metabolic syndrome (3), and cardiovascular disease (4) in adult life. Animal models that have been developed to understand the role of the intrauterine environment in susceptibility to postnatal disease have included maternal dietary calorie restriction (5), nutritional imbalance (6), and pharmacological (7) or surgical intervention (8). Administration of a low protein (LP) diet to rats during pregnancy results in reduced birth weight (6), impaired islet cell development, deficient insulin release (9), an increased islet apoptotic rate (10,11), and decreased beta cell mass (BCM) in the offspring (9 -11). Offspring of LP-fed dams were glucose intolerant at 130 d of age (12). Our first objective was to characterize an LP model in mice, to facilitate future exploration into the mechanisms, whereby nutritional insult can predispose to adult disease by using genetic manipulation.
P
oor fetal growth and low birth weight are associated with increased risk of impaired glucose tolerance (1), type 2 diabetes (2), the metabolic syndrome (3), and cardiovascular disease (4) in adult life. Animal models that have been developed to understand the role of the intrauterine environment in susceptibility to postnatal disease have included maternal dietary calorie restriction (5) , nutritional imbalance (6) , and pharmacological (7) or surgical intervention (8) . Administration of a low protein (LP) diet to rats during pregnancy results in reduced birth weight (6) , impaired islet cell development, deficient insulin release (9) , an increased islet apoptotic rate (10, 11) , and decreased beta cell mass (BCM) in the offspring (9 -11) . Offspring of LP-fed dams were glucose intolerant at 130 d of age (12) . Our first objective was to characterize an LP model in mice, to facilitate future exploration into the mechanisms, whereby nutritional insult can predispose to adult disease by using genetic manipulation.
Pancreatic beta cells have a significant capacity to regenerate after injury in early life. Subtotal deletion of beta cells with streptozotocin (STZ) is followed by their partial regeneration and remission of hyperglycemia in young rodents (13, 14) . However, this regenerative ability decreases with age (15) .
New beta cells have been postulated to be generated through three possible mechanisms: 1) beta cell replication (16) , 2) pancreatic duct progenitor cell differentiation (17) , and 3) acinar cell transdifferentiation (18) . It remains to be determined, which mechanism is most important for beta cell regeneration and could be exploited for beta cell therapy. It is not known if administration of an LP diet to the pregnant rodent will alter beta cell renewal, or by which mechanism, in the offspring after an STZ insult, which constitutes our second objective in this study. Understanding how the intrauterine environment alters plasticity of BCM in the offspring could lead to strategies to intervene before the onset of type 2 diabetes.
MATERIALS AND METHODS

Animals.
Balb/c mice (Charles River Ltd, Montreal, QC, Canada) were housed in a temperature controlled room with 12-h light:dark cycle. Water and food (Bio-Serv, Frenchtown, NJ) were given ad libitum. The LP diet [similar to Snoeck et al. (6) ] was isocaloric with 8% protein versus 20% in the control (C) diet. Pregnancy was confirmed by a vaginal plug and mothers were randomly assigned to C or LP diet for the duration of gestation. A total of 61 C litters and 52 LP litters were used, with 15 litters/diet followed for maternal weight and food intake measurements every 5th d until weaning. All dams were maintained on the C diet after parturition. On d 1 through 5, the offspring received injections of either 35 mg/kg dose of STZ (Sigma Chemical Co., St.Louis, MO) in sodium citrate buffer (0.1 mol/L, pH 4.5) or equal volume of the vehicle (sham). The offspring were divided into four groups: C ϭ control, sham injected; C ϩ STZ ϭ control, STZ injected; LP ϭ low protein, sham injected; LP ϩ STZ ϭ low protein, STZ injected. On d 1, 7, 14, 30, and 130, the weights of the offspring were recorded and blood glucose levels were measured after a 2-to 4-h fast using an Ascencia Breeze glucometer (Bayer Inc., Toronto, ON, Canada). Intraperitoneal glucose tolerance test (IPGTT) was performed at d 42 and 130 for 90 min after a 4-h fast, as described previously (13) . Mice were killed, and the pancreata were removed and fixed in 10% formalin for morphologic analysis. Three mice from independent litters were included per group for each gender. At d 130 the total abdominal adipose tissue was removed and weighed. All animal procedures were approved by the Animal Care Committee of the University of Western Ontario in accordance with the guidelines of the Canadian Council for Animal Care.
Immunohistochemistry. Simultaneous immunohistochemistry was performed on sections for glucagon and insulin as described previously (19) . Sections were mounted under glass cover slips with Permount (Fisher Scientific, Toronto, ON, Canada). A triple stain was performed to determine colocalization of proliferating cell nuclear antigen (PCNA) with insulin or glucagon. Glucagon was localized as above, using a rabbit anti-glucagon antibody (1:300; Santa Cruz Biotechnology, Santa Cruz, CA) with a goat anti-rabbit secondary (1:50; Vector Laboratories, Burlingame, CA). PCNA was localized using a mouse anti-PCNA antibody (1:50; Dako Cytomation, Mississauga, ON, Canada) with a horse anti-mouse secondary (1:50; Vector) followed by Vectastain ABC-AP kit (Vector) and visualized using Vector Blue Alkaline Phosphatase substrate kit III (Vector). Tween-20 1ϫ Tris buffered saline was used as a wash, with PBS used for the final insulin staining portion. Insulin was localized as earlier with a guinea pig anti-insulin antibody (1:300; Abcam, Cambridge, MA) with a goat anti-guinea pig secondary (1:50; Vector).
Pdx-1 and insulin dual immunofluorescent staining was performed using a rabbit anti-Pdx-1 primary antibody (1:200; generous gift from Dr. Chris Wright, Vanderbilt University, Nashville, TN) with donkey Cy3 anti-rabbit secondary (1:50; Jackson ImmunoResearch Laboratories Inc., West Grove, PA), mouse anti-insulin primary antibody (1:200; Sigma Chemical Co.), and Alexafluor 488 goat anti-mouse secondary (1:50; Invitrogen Canada Inc., Burlington, ON, Canada) with DAPI nuclear counterstain (Invitrogen). Sections were mounted under glass cover slips with Fluroscent mounting medium (Dako). Pdx-1 ϩ cells were counted for every islet/section, and the Pdx1 ϩ / insulin low cell population was expressed as percentage of total Pdx1 ϩ cells. Morphometric analysis. Three representative sections (coefficient of variation ϭ 10.45%) from 3 animals/group were imaged and analyzed using Northern Eclipse software (version 7.0; Empix Imaging, Mississauga, ON, Canada). Total pancreas area for each section and the area of insulin and glucagon immunoreactivity for each islet were measured. Islets with an area Ͻ300 m 2 (Յ3 cells) were excluded from analysis. Beta (and alpha) cell mass was calculated as previously described (11) . Individual alpha and beta cell size were determined by averaging the individual cell area measured from 10 to 15 random islets for each of three sections per pancreas and three pancreata per group.
Serum and pancreatic insulin. On d 7, 14, and 30 at least 20 L of serum was collected and stored at Ϫ80°C. Insulin was measured using an Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc., Downers Grove, IL) according to the manufacturer's instructions with sensitivity 0.1 ng/mL (intra-and inter-assay coefficient of variance Յ8% and Յ10%, respectively). Insulin was extracted from d 14 whole pancreata (ϳ50 mg) by mechanical homogenization in 500 L acid ethanol (165 mM HCL in 75% ethanol). After overnight incubation at 4°C, samples were centrifuged (2000 ϫ g) for 5 min at 4°C. Insulin was quantified in the supernatant by rat insulin RIA (Linco Research Inc, St. Charles, MO; 100% reactivity to mouse insulin) and normalized to pancreatic DNA content. Assay sensitivity was 0.1 ng/mL, with an intraand inter-assay coefficient of variance of 4.6% and 9.4%, respectively.
Statistical analysis. Three-way ANOVA was performed revealing significant differences with respect to gender. The genders were separated to examine the effects of diet and treatment using a two-way ANOVA with a Bonferroni posttest or an unpaired t test. All values are means Ϯ SEM and significance level p Ͻ 0.05.
RESULTS
Body, organ weights, and diabetes onset. No difference in weight gain or food intake (g consumed/d) was observed between the C and LP fed dams at any time during pregnancy or lactation (n ϭ 15 dams per group). The mean litter size for the C (5.1 Ϯ 0.3 pups; n ϭ 61) and the LP (5.8 Ϯ 0.3 pups; n ϭ 52) groups was not significantly different. On d 1, male and female LP offspring had significantly reduced weights (p Ͻ 0.05), and at d 7, the LP diet significantly (p Ͻ 0.01) reduced body weight in both genders, although all mice recovered weight by d 14 ( Table  1) . Pancreas weight (% body weight) was significantly decreased (p Ͻ 0.05) in both male C ϩ STZ and LP mice on d 7 compared with controls, whereas the effect of LP treatment continued to significantly (p Ͻ 0.05) reduce pancreas weight (%) in male offspring at d 14 ( Table 1) .
All female mice survived to d 130 and showed no difference in weight between groups (Table 1 ). Male C ϩ STZ and LP ϩ The body weight (g Ϯ SEM; n ϭ 7-17 per group), pancreas weight relative to body weight (% Ϯ SEM; n ϭ 3 per group), and blood glucose values (mmol/L Ϯ SEM; n ϭ 6 -13) are given for male and female mice receiving C or LP with or without subsequent STZ administration over the time points studied. Data was analyzed using a 2-way ANOVA with Bonferroni's post-test or an unpaired t test.
STZ mice became overtly diabetic between 60 and 80 d, at which point they were killed. The survival rates for male C ϩ STZ and LP ϩ STZ mice were 67% and 33%, respectively (n ϭ 6). Therefore, only male C and LP mice were examined at 130 d, where no difference in weight was observed (Table  1) . At d 130, previous STZ treatment caused a decrease in mean abdominal adipose weight (% body weight), but the LP diet had no effect in either gender (Female: C ϭ 2.
Beta cell mass. BCM was unaffected in male LP offspring throughout the period studied. However, female LP mice showed a significant increase (p Ͻ 0.001) in BCM by d 14 compared with C animals (Fig. 1B) . At d 30 and 130, the BCM in LP females were comparable to C values (Fig. 1B) . Therefore, LP exposure alone had no long term effects on BCM of either gender.
Beta cell loss occurred following STZ treatment for both control and LP-treated mice as shown on d 7, 2 d after the final STZ injection (Figs. 1 and 2A and B; p Ͻ 0.05). No histologic evidence of insulitis was observed in animals receiving STZ. STZ administration decreased BCM by 51 and 45% in female C ϩ STZ and LP ϩ STZ mice compared with the respective sham-treated groups on d 7. In the male C ϩ STZ and LP ϩ STZ groups there was a 64% and 52% decrease respectively. On d 14 in males given STZ, with or without LP exposure, there was a partial recovery of BCM (Fig. 1A) . By d 30, male C ϩ STZ mice fully recovered BCM versus controls. In contrast LP ϩ STZ mice showed a significant deficit (p Ͻ 0.05) compared with LP sham-treated mice (Fig. 1A) . This indicates that the initial increase in BCM in male LP ϩ STZ was not sustained. Male STZ-treated mice became overtly diabetic before d 130 as mentioned above. In female mice, LP ϩ STZ animals had a significantly lower BCM (p Ͻ 0.01) compared with LP sham injected mice on d 7 (Fig. 1B) . Subsequently, female LP mice showed a significant increase (p Ͻ 0.001) in BCM by d 14 compared with C animals, which was not seen following STZ treatment (Fig. 1B) . BCM was completely recovered by d 30 in C ϩ STZ but not LP ϩ STZ mice. However, BCM was not maintained over the long term as measured at d 130 in the C ϩ STZ group, which was significantly lower (p Ͻ 0.001) than in C mice, whereas LP ϩ STZ mice continued to show a reduced (p Ͻ 0.001) BCM compared with LP animals (Fig. 1B) .
Alpha cell mass. To determine whether the effects of LP diet were specific to beta cells, the ACM was also examined (Fig. 3) . ACM in male LP mice was significantly reduced (p Ͻ 0.01) at d 7, but was comparable with C mice for the remaining period of study (Fig. 3A) . In female mice, initially there was a significant effect (p Ͻ 0.05) of the LP diet reducing ACM at d 7, however, LP mice significantly increased (p Ͻ 0.01) ACM at d 14 and 30 when compared with C mice (Fig.  3A) . In male C ϩ STZ mice, there was a transient decrease (p Ͻ 0.001) in ACM on d 7 compared with C (Fig. 3B) . In female mice, STZ treatment under LP conditions significantly reduced ACM at d 14 and 30 (p Ͻ 0.05; Fig. 3B) .
Islet size distribution. Islets were grouped into large (Ͼ10,000 m 2 ), medium (5,000 -10,000 m 2 ) and small (300 -5000 m 2 ) sizes by measuring mean islet area and normalized to total pancreas area (mm 2 ). The LP diet did not alter the islet distribution (Table 2) , and therefore the change in BCM in LP female mice was not attributed to an increase in new small islets or small islets becoming large. In addition, STZ treatment did not alter the distribution of islet sizes on d 7, demonstrating that the reduced BCM associated with STZ affected all sizes of islets equally (Table 2) . By d 14, C ϩ STZ male, but not female mice, showed a significant reduction in the number of large islets compared with sham controls. By d 30, there were no longer any differences in islet size distribution for control-fed animals receiving STZ, but LP female mice showed reduced numbers of islets of all sizes following STZ (Table 2) . This shows that the relative deficit in BCM in these animals shown in Fig. 1 was due to an overall reduction in the number of islets, rather than a failure of smaller islets to become large.
Islet cell proliferation. The percentage of PCNA positive alpha and beta cells was measured to determine the contribution of replication to the observed changes in islet mass. On d 14, there was a significant increase (p Ͻ 0.01) in alpha and beta cell replication in male C ϩ STZ mice compared with C mice (Fig. 4A) . This may contribute to the 4.5-fold increase in BCM from d 7 to 14 and continued expansion to d 30, as well as the increased ACM. However, in female mice there were no significant changes in alpha or beta cell proliferation (Fig. 4B) .
Individual cell size. We examined cell size to determine the relative contribution of cell hypertrophy to the increased ACM Fig. 2C-F) . However, the abundance of these cells was significantly (p Ͻ 0.01) increased in LP mice after STZ.
Glucose homeostasis. Both male STZ-treated groups were relatively hyperglycemic compared with sham-injected mice at d 7, 14, and 30 (Table 1) , whereas female STZ-treated mice were able to maintain euglycemia, despite changes in BCM. At d 42, STZ treatment in male and female mice led to fasting hyperglycemia (data not shown). At this age, an IPGTT was performed. Blood glucose levels in the C ϩ STZ and LP ϩ STZ groups were elevated over the time course compared with non-STZ treatment and did not reach baseline within 90 min. The area under the curve (AUC) for STZ treated groups was significantly increased (p Ͻ 0.05; Fig. 5A and B insets), indicating a relative impairment of glucose tolerance. Exposure to LP diet did not impair glucose tolerance at this age. At d 130, fasting hyperglycemia was observed in female STZ treated mice, whereas no difference was found between C and LP groups for either gender (Table 1) . Following an IPGTT at d 130, female STZ, LP and LP ϩ STZ mice displayed glucose intolerance determined by an elevated AUC (p Ͻ 0.05; Fig.  5D inset) . However, the LP male mice had a comparable glucose response with the C mice during the IPGTT (Fig. 5C ).
Serum and pancreatic insulin. Measurements of serum insulin concentration were made on d 7, 14, and 30. Despite changes in BCM, serum insulin concentrations were similar between groups and genders, with d 14 mean values listed in Table 3 . On d 14, pancreatic insulin content was significantly reduced (p Ͻ 0.05) in male mice exposed to LP, but not in females (Table 3) . STZ treatment significantly reduced (p Ͻ 
DISCUSSION
The pancreas has the ability to regenerate new beta cells after injury (14, 20, 21) , however, regeneration after subtotal deletion with a single, high dose of STZ may be incomplete (14) and this ability decreases with age (15) . We used multiple low doses of STZ to create partial beta cell deletion in young mice that was not accompanied by lymphocyte infiltration, with the expectation that BCM would largely regenerate. No significant change in blood glucose levels, or circulating insulin was observed in female mice following STZ, although there was a decrease in pancreatic insulin content consistent with BCM loss. Male STZ-treated mice showed elevated blood glucose levels throughout the study, which may have been due initially to a marginally greater loss of BCM following STZ in males than in females.
Glucose tolerance was impaired in C ϩ STZ females on d 42 and BCM was reduced by d 130. This suggests that while beta cell replacement is possible, it is functionally incomplete, consistent with previous findings in rat (14) . Recovery of BCM by d 30 was not due to significant increases in beta cell proliferation, or beta cell hypertrophy, but may be the result of stem/precursor cell differentiation. A Pdx1 ϩ /insulin low islet cell population was described (22) , which were capable of maturing into insulin-expressing cells. Our findings show that 4%to 8% of islet cells in neonatal mice were Pdx1 ϩ /insulin low . As in females, BCM was fully replaced by d 30 but in males this was attributed to an increase in beta cell proliferation when sampled at d 14. Male C ϩ STZ mice remained hyperglycemic, which led to overt diabetes in 33% of mice. The gender difference in blood glucose after STZ treatment is consistent with previous findings (23) , however, here we report a novel finding that male and female mice seem to replace BCM by different mechanisms. This is the first study to describe the effects of LP during gestation on the development of the endocrine pancreas in the mouse offspring. Protein restriction did not affect maternal weight gain or food intake, contrary to the findings in rats where maternal weight gain decreased, even with increased food intake (6, 9) . Birth weight was decreased, as observed previously (6, 24, 25) , however, a relative overgrowth was reported by 3 wk (24) or 8 mo (25), which was not observed here. BCM was significantly increased in the female offspring on d 14, unlike the findings in rat (6,9,11), indicating important species and gender differences. This could represent a compensatory response to meet the demands of increased nutrient availability, leading to beta cell hypertrophy, but no increase in pancreatic insulin content was found. On d 14, the BCM in female LP mice was approximately 3-fold greater than in C. Hypertrophy of individual beta cells could account for this, whereas proliferation was unchanged. Male LP offspring did not show increased BCM on d 14 and had comparable values with control-fed animals on d 30. These gender differences could be related to changes in endocrine hormones. Studies have shown in the LP-fed rat that maternal plasma levels of prolactin, leptin, estradiol, and progesterone are all altered during gestation (26) . These changes may differentially affect fetal trajectory of beta cell growth and glucose homeostasis later in life.
A study in C57Bl/6J mice found that male, but not female mice, showed glucose intolerance at 8 mo of age after exposure to LP in early life (25) . In contrast, glucose tolerance at d 130 was impaired predominantly in female LP mice in this study, although the mouse strains and time course used differed. Our results agree with the corresponding rat model where LP-fed female rats became glucose intolerant at 130 d of age (12) . Research has also shown a strong link between poor human fetal development during times of famine and glucose intolerance later in life (27) . Despite the compensatory beta cell response shown in LP mice early in life, the long-term effects are consistent with rat and human studies.
We found that LP exposure affected pancreatic endocrine plasticity after STZ. LP ϩ STZ mice failed to reach an equivalent BCM to that of LP mice, unlike control-fed animals, indicating a reduced capacity for beta cell regeneration. In female animals at d 30, this was associated with a reduced number of islets relative to STZ treatment alone, but this was not seen in males. Consistent with our observations, other studies have shown that nutrient deficiency early in life effects tissue plasticity. LP diet during gestation significantly impaired recovery of male adult rats after ischemia reperfusion (28) , whereas maternal calorie restriction during gestation and lactation impaired beta cell replacement after STZ (29) . Changes in islet morphometry resulting from previous exposure to LP were not specific to beta cells, as the ACM was also increased at d 14 and 30 in females. Thus, the increased BCM in LP-fed females at d 14 is likely to represent a more general increase in islet mass. In the LP ϩ STZ group, ACM was significantly reduced versus LP alone by d 30. This suggests that the inability of LP-fed animals to recover BCM after STZ also resulted in a delayed ability to increase ACM as would normally occur with age, implying that the mechanisms involved might be common to multiple endocrine cell types.
Pdx-1 ϩ /insulin low cells secrete less insulin then Pdx-1 ϩ / insulin ϩ cells and over time, this population has the ability to become Pdx-1 ϩ /insulin ϩ without cell replication (22) , perhaps functioning as a strategic reserve. In our model, the proportion of the Pdx-1 ϩ /insulin low islet cells was not altered by LP diet but was increased after STZ. This may indicate that normal maturational pathways that allow such cells to differentiate into functional beta cells are impaired by LP exposure, resulting in a reduced BCM. In addition to a risk for later diabetes, the loss of plasticity may compromise the female offspring during pregnancy, where a substantial expansion of maternal BCM normally occurs.
In conclusion, we describe a mouse model in which exposure to a LP diet during gestation has critical effects on the development of the endocrine pancreas and beta cell recovery after STZ. We have shown that mouse pancreatic development in a protein-deficient environment was altered to produce morphologic changes in islet mass in early life and glucose intolerance in females later in life. In addition, recovery from STZ-induced injury was impaired by previous LP exposure. Our results therefore suggest that the previous dietary environment is a determinant of subsequent beta cell plasticity in a mouse model.
